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1
PLASMA ACCELARATOR ARRANGEMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

Applicants claim priority under 35 U.S.C. §119 of Ger-
man Application No. 100 14 034.3, filed on Mar. 22, 2000.
Applicants also claim priority under 35 U.S.C. §365 of
PCT/DEO01/01105, filed on Mar. 22, 2001. The international

application under PCT article 21(2) was not published in
English.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a plasma accelerator arrangement
having a plasma chamber around a longitudinal axis, having
an electrode arrangement for producing an electric accel-
eration field for positively charged 1ons over an acceleration
section parallel to the longitudinal axis, and having means
for mtroducing a focused electron beam into the plasma
chamber and guiding 1t by means of a magnet system.

2. Prior Art

U.S. Pat. No. 5,359,258 A shows a plasma accelerator
arrangement 1n the form of a Hall thruster, as it 1s known,
having an annular acceleration chamber and a substantially
radial magnetic field through the plasma chamber. The
anode and anode-stage part of the plasma chamber are
magnetically shielding. A gas 1s introduced into the plasma
chamber, which 1s open on one side in the longitudinal
direction, said gas being 1onized by electrons and acceler-
ated away from the anode and expelled said electrons
coming from a cathode located outside the plasma chamber
and being accelerated toward an anode located at the foot of
the plasma chamber. The radial magnetic field forces the
clectrons on closed circular paths around the longitudinal
axis of the arrangement and therefore increases their resi-
dence time and collision probability in the plasma chamber.

In an 10n source which 1s disclosed by JP 55-102 162 A,
in which an annular anode encloses a permanent magnet
and, 1n turn, 1s surrounded by a circularly cylindrical
cathode, a hollow 1on beam 1s expelled from an annular
opening.

An arrangement for producing ions with a high kinetic
energy, ol the order of magnitude of 10 GeV, for physical
experiments 1s disclosed by U.S. Pat. 3,626,305. Here, a ring
current of low-energy electrons at 10 MeV, for example, 1s
produced outside an annular vacuum chamber and 1njected
into the compression chamber. From a gas introduced briefly
in pulse form, a number of positive 1ons which 1s low as
compared with the number of ring electrons 1s produced by
means of 1onization and i1s caught in the potential head
produced by the electron ring. By means of a strong, briefly
pulsed magnetic field, the electrons circulating 1n the ring,
are accelerated highly to a ring current of, for example, 50
k-amp. The high magnetic field parallel to the axis of the and
associated with the ring current of high-energy electrons
comes to interact with a magnetic field produced in the
vacuum chamber by imner and outer coils, so that the ring
current 1s highly accelerated 1n the axial direction. The 10ns
caught 1n the potential cup of the compressed electron ring
system are carried along axially with the ring current and, as
a result, are accelerated to a high kinetic energy. In U.S. Pat.
No. 3,613,370, a plasma accelerator 1s described in which an
annular plasma chamber 1s penetrated by a substantially
radially oriented magnetic field. Electrons from a central
cathode are guided into the plasma chamber through lateral
openings 1n the 1nner wall of the plasma chamber.
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GB 2 295 485 A shows an arrangement for producing an
accelerated plasma jet 1n which, m a cylindrical plasma
chamber, electrons emitted by a central cathode are accel-
erated in the direction of a ring anode. A magnetic field 1s
used to prolong the residence time of the electrons in the
plasma chamber 1n order to improve the ionization effi-
ciently.

U.S. Pat. No. 4,434,130 describes the guidance of two
oppositely directed accelerated 1on beams from a fusion
reactor by means of the space-charge effect of hollow
cylindrically guided electrons. The guidance of the electrons
moved on spiral paths 1s carried out with force equilibrium
between radially oriented electrostatic fields and centrifugal
forces. The 10n beams supplied 1n the axial direction from
both sides collide with high energy in the fusion region,
whereas the electron beam supplied on one side with conical
compression 1s widened again at the other end and 1s guided
away.

DE 198 28 704 Al discloses a plasma accelerator arrange-
ment having a plasma chamber around a longitudinal axis,
having an electrode arrangement and a magnet system as
well as means for introducing an electron beam into the
plasma chamber.

In this known arrangement, a circularly cylindrical
plasma chamber 1s provided, in which a strongly focused
clectron beam generated by a beam generation device 1s
introduced along the longitudinal axis of the cylinder. The
clectron beam 1s guided along the cylinder axis by a magnet
system which, 1in particular, can be characterized by alternate
polarization of the successive sections. The electrons of the
clectron beam, ntroduced into the plasma chamber at high
velocity, pass through an electrical potential difference along
the longitudinal axis of the plasma chamber, the difference
having a decelerating action on the electrons of the electron
beam. An 1onizable gas, 1mn particular a noble gas, 1s fed
through the plasma chamber and 1s 10n1zed by the electrons
of the electron beam 1ntroduced and by secondary electrons.
The positive 1ons produced in the process are accelerated
along the longitudinal axis of the plasma chamber by the
potential difference and move in the same direction as the
introduced electron beam. The 1ons are likewise guided
along the longitudinal axis, focused by the magnet arrange-
ment and by space charge effects and, together with part of
the electrons of the electron beam, emerge at the end of the
plasma chamber 1n the form of a neutral plasma beam.

SUMMARY OF THE INVENTION

The present invention 1s based on the object of specifying,
a plasma accelerator of this type with a high efficiency.

According to the present mnvention, the electron beam 1s
not mtroduced into a circularly cylindrical plasma chamber
as a sharply focused beam; instead, for example via an
annular cathode surface, a hollow cylindrical beam 1s
produced, which 1s introduced 1nto a toroidal plasma cham-
ber. The plasma chamber 1s bounded radially by an outer
chamber wall and an inner chamber wall and the hollow
beam, with a wall thickness that 1s lower than the radius of
the hollow cylinder, 1s fed 1n between these walls and guided
by a magnet system. The entire arrangement 1s preferably at
least approximately rotationally symmetrical or at least
symmeftrical i rotation about a longitudinal axis of the
arrangement. The magnet system preferably likewise has a
dual toroidal structure with a {first magnet arrangement
located radially on the outside with respect to the plasma
chamber and a second magnet arrangement located on the
inside.
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As 1s already the case 1n the known arrangement, the
arrangement according to the invention preferably also
contains at least one intermediate electrode 1n the course of
the plasma chamber, 1n the longitudinal direction, the inter-
mediate electrode being at an intermediate potential of the
potential difference along the longitudinal direction of the
plasma chamber. The subdivision into a plurality of inter-
mediate potentials permits a considerable 1mprovement in
the efficiency, by electrons of low kinetic energy being
intercepted at an intermediate electrode with a potential
difference that is lower than the current potential of an
clectron. The efficiency increases monotonically with the
number of intermediate potential stages.

In a first embodiment, the magnet system can be designed
1in one stage with a pole change 1n each case for the outer and
the inner magnet system, by means of opposed magnetic
poles spaced apart 1n the longitudinal direction. At least one
of the two magnetic poles 1n each case 1s located in the
region of the plasma chamber in the longitudinal direction.
Both poles of the single-stage magnet system, spaced apart
in the longitudinal direction, preferably lie within the lon-
oitudinal extent of the plasma chamber. Particularly advan-
tageous 1s an arrangement 1n which the magnet system 1s of
multi-stage design having a plurality of successive sub-
systems 1n the longitudinal direction, each of which has an
outer and an 1nner magnet arrangement and 1n which the
successive subsystems 1n the longitudinal direction are alter-
nately aligned m opposite directions.

Particularly beneficial 1s a plasma accelerator arrange-
ment according to the invention i which, 1n the longitudinal
course of the plasma chamber 1n the region of the side walls
of the plasma chamber, there 1s still at least one intermediate
clectrode arrangement which 1s at an intermediate potential
of the potential difference for accelerating the positive 10ns
or retarding the introduced electron beam. On such an
intermediate electrode, electrons which have only a low
kinetic energy can be intercepted. The potential difference
between cathode and anode can as a result be subdivided
into two or more acceleration potentials. Losses due to
clectrons accelerated against the introduced electron beam
can be reduced significantly as a result. In particular, the
clectrical efficiency increases monotonically with the num-
ber of potential stages. The electrodes 1n the longitudinal
direction are advantageously 1n each case placed between
the ends of poles of a magnet system or magnet subsystem.
This results 1n a particularly beneficial course of electric and
magnetic fields.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention 1s described 1n more detail below with
reference to the figures and using preferred exemplary
embodiments with reference to the figures, 1n which:

FIG. 1 shows a sectional image of a side view

FIG. 2 shows a view 1n the direction of the longitudinal
axis

FIG. 3 shows one stage of a magnet arrangement

FIG. 4 shows a plasma distribution 1n a multi-stage
arrangement

DETAILED DESCRIPTION OF THE
INVENTION

In plasma physics, it 1s known that, as a result of the high
mobility of the electrons, caused by their low mass as
compared with the normally positively charged 1ons, the
plasma behaves 1n a similar way to a metallic conductor and
assumes a constant potential.
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However, if the plasma 1s located between two electrodes
at different potentials, then the plasma assumes approxi-
mately the potential of the electrode with the potential that
is higher for the positive ions (anode), since the electrons
move very rapidly toward the anode until the potential of the
plasma 1s at the approximately constant potential of the
anode and the plasma i1s therefore field-free. Only 1 a
comparatively thin boundary layer at the cathode does the
potential fall sharply in the cathode fall, as 1t 1s known.

In a plasma, therefore, different potentials can be main-
tained only when the conductivity of the plasma 1s non-
1sotropic. An advantageously high anisotropy of the con-
ductivity may be produced in a beneficial way 1n the
arrangement according to the invention. Since electrons, as
a result of the Lorentz force experience a force at right
angles to the magnetic field lines and at right angles to the
direction of movement during a movement transversely with
respect to magnetic field lines, electrons can certainly be
displaced easily 1n the direction of the magnetic field lines,
that 1s to say 1n the direction of the magnetic field lines there
1s a high electrical conductivity, and a potential difference in
this direction 1s easily compensated for. However, an accel-
eration of the electrons by means of an electric field com-
ponent at right angles to the magnetic field lines counteracts
the aforementioned Lorentz force, so that the electrons move
spirally around the magnetic field lines. Accordingly, at right
angles to the magnetic field lines, electric fields can be
produced without immediate compensation by electron tlow.
For the stability of such electric fields, 1t 1s particularly
beneficial 1f the associated electric equipotential surfaces
extend approximately parallel to the magnetic field lines,
and therefore electric and magnetic fields are substantially
crossed.

FIG. 1 shows a multi-stage arrangement according to the
present 1nvention, 1n which a plasma chamber which 1s
substantially toroidal about a longitudinal axis LA as an axis
of symmetry and whose form i1s accessible in i1ndividual
variations, 1s fed with a hollow cylindrical electron beam
ES, whose cylinder axis coincides with the longitudinal axis
LA and whose beam wall thickness DS (FIG. 2) is low as
compared with the radius RS of the hollow cylindrical beam
form. Such a hollow beam can be produced, for example, by
means of an annular cathode and a matched beam system.
The electrons of the electron beam have a kinetic energy of
typically >1 keV when they enter the plasma chamber. The
annular plasma chamber PK 1s bounded laterally by an 1nner
wall WI and an outer wall WA.

The significant fact in the arrangement according to FIG.
1 1s that the magnet system no longer has a single ring
around the longitudinal axis LA but that, on the outside with
respect to the plasma chamber there 1s a magnet arrangement
RMA which intrinsically has both opposed magnetic poles
spaced apart 1n the longitudinal direction LR. In the same
way, located radially on the inside with respect to the plasma
chamber, a further magnet arrangement RMI 1s provided,
which again intrinsically has both magnetic poles spaced
apart 1n the longitudinal direction LR.

The two magnet arrangements RMA and RMI are radially
opposite each other with substantially the same extent 1n the
longitudinal direction LR. The two magnet arrangements are
aligned with the same alignment, that 1s to say the same pole
sequence 1n the longitudinal direction LR. As a result,
identical poles (N—N and S—S) are radially opposite one
another, and the magnetic fields are intrinsically closed for
cach of the two magnet arrangements. The coupe of the
magnetic fields from radially opposite magnet arrangements
RMA and RMI can, as a result, be viewed as separated by
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a center surface located substantially at the center of the
plasma chamber. The magnetic field lines B run 1n a curve
between the magnetic poles of each arrangement without
passing through this center surface, which 1s not necessarily
flat. Theretore, on each radial side of such a center surface,
there acts substantially only the magnetic field from one of
the two magnet arrangements RMA and RMI.

The above explanations also apply to a magnet system
having only a single mnner and outer magnet arrangement
based. Such a magnet arrangement, can, for example, be
formed by two concentric annular permanent magnets hav-
ing poles spaced apart substantially parallel to the axis of

symmetry LA. Such an arrangement is sketched 1n 1solation
in FIG. 3.

A particularly advantageous embodiment of the invention
provides for the arrangement of two or more such arrange-
ments one behind another in the longitudinal direction LR,
the pole alignment of successive magnet arrangements being
opposite, as 1n the known arrangement mentioned at the
beginning, so that the poles opposite one another in the
longitudinal direction and belonging to successive magnetic
arrangements are identical and therefore no magnetic field
short circuit occurs, and the field curves described 1n relation
to the single-stage design are substantially maintained for all
the successive stages.

The successive magnetic fields firstly act 1n a focusing
manner on the primary electron beam introduced into the
plasma chamber and secondly prevent the outtlow of sec-
ondary electrons produced 1n the plasma chamber from one
stage to the next. An 1on barrier IB prevents 1ons crossing
over to the cathode KA.

Preference 1s given to a plasma accelerator arrangement in
which, in the longitudinal course of the plasma chamber, at
least one further intermediate electrode 1s also provided,
which 1s at an intermediate potential of the potential gradi-
ent. Such an intermediate electrode 1s advantageously
arranged on at least one side wall, preferably in the form of
two part electrodes opposite each other on the inner and
outer side wall of the plasma chamber. It 1s beneficial in
particular to position the electrode 1n terms of 1ts position in
the longitudinal direction between two magnetic poles. In
the arrangement according to FIG. 1, a plurality of stages S0,
S1, S2 each having a magnetic subsystem and each having
an electrode system are provided 1n the longitudinal direc-
tion. The magnetic subsystems in each case comprise an
imnner RMI and an outer RMA magnet ring, as sketched in
FIG. 3. The part electrode systems 1n the successive stages
S0, S1, S2 1 each case comprise an outer electrode ring
AA0, AAl1, AA2 and, radially opposite them, an inner
clectrode ring AIQ, All, AlI2, the extent of the electrodes 1n
the longitudinal direction being substantially the same for
the outer and the mnner rings. The mutually opposite elec-
trode rings of each subsystem, that 1s to say AAQ and AI(
and AA1 and AIl and AA2 and AI2, are 1n each case at the
same potential, 1t being possible 1n particular for the elec-
trodes AA0D and AIO to be at ground potential of the overall
arrangement. The inner and outer electrodes AAO, AA1, . ..
and the poles of the magnet arrangements can also be
integrated into the outer and inner wall, respectively.

The electric fields produced by the electrodes extend, in
the regions which are important for the formation of the
plasma, approximately at right angles to the magnetic field
lines. In particular 1n the region of the highest electrical
potential gradient between the electrodes of successive
stages, the magnetic and electric field lines extend substan-
tially crossed, so that the secondary electrons produced
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along the path of the focused primary electrons, including,
fully decelerated primary electrons, cannot cause any direct
short circuit of the electrodes. Since the secondary electrons
can move only along the magnetic field lines of the sub-
stantially toroidal multi-stage magnet system, the plasma jet
produced 1s limited substantially to the cylindrical layer
volume of the focused primary electrons. There are bulges of
the plasma substantially only 1n the region of the sign change
of the axial magnetic field component, where the magnetic
field points substantially radially toward the poles of the
magnet arrangements. The working gas AG supplied to the
plasma chamber, 1 particular Xenon, 1s 1onized by the
primary electrons and 1n particular the secondary electrons.
The accelerated 1ons, together with decelerated primary
clectrons from the introduced electron beam, are expelled as

a neutral plasma jet PB.

In the arrangement sketched, plasma concentrations result
in the longitudinal direction 1n positions between successive
clectrodes, which at the same time coincide with the pole
points of the successive magnet arrangements. With the
arrangement sketched 1 FIG. 1, the plasma 1n the individual
successive stages can advantageously be connected to the
stage-by-stage different potentials of the successive elec-
trodes. For this purpose, 1n particular the electrodes and the
magnet arrangements are arranged 1n the longitudinal direc-
tion 1n such a way that the physical phase angles of the
quasi-periodic magnetic field, as compared with the likewise
quasi-periodic electric field measured between the absolute
minimum of the magnetic axial field and the center of the
electrodes are shifted by at most +/-45°, in particular at most
+/-15°. Here, contact between the magnetic field lines and
the electrode arranged on the side wall of the plasma
chamber can be achieved and, as a result of the ecasy
displaceability of the electrons along the magnetic field
lines, the plasma potential can be set to the electrode
potential of this stage. The plasma concentrations of differ-
ent successive stages are therefore at different potentials.

The location of the highest potential gradient 1n the axial
direction 1s therefore located in a plasma layer which 1s
characterized by the radial magnetic field curves having an
clectrically 1solating effect in the axial direction. At these
points, the acceleration of the positive 1ons 1n the direction
of the electric field accelerating said 1ons 1n the longitudinal
direction substantially takes place. Since there are suflicient
secondary electrons which, as Hall currents, circulate on
closed drift paths in the toroidal structure, a substantially
neutral plasma 1s accelerated in the longitudinal direction
toward the expulsion opening of the plasma chamber. In the
process, In a layer plane at a specific position 1n the
longitudinal direction LR of the arrangement, there are
opposed annular Hall currents II and IA at different radu
around the longitudinal axis LA, as sketched in FIG. 1 and
FIG. 2.

The aforementioned beneficial phase shift of the quasi-
periodic magnetic and electric structures may be achieved
firstly by means of an arrangement according to FIG. 2, with
the aforementioned permissible displacement by at most
+/-45°, in particular at most +/-15°. An alternative variant
1s sketched in FIG. 4, where the periodic length of the
clectrode stages AL, Al._, spaced apart 1n the longitudinal
direction 1s twice as great as the periodic grades of succes-
sive magnetic ring arrangements. Such an arrangement can
also be subdivided into stages with a length twice that of
FIG. 1, which then 1n each case contain two opposed magnet
subsystems and one electrode system.

In the arrangement sketched 1in FIG. 4, in regions where
the electrodes bridge the pole points of successive magnet
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subsystems, the result 1s contact zones, 1n which the sec-
ondary electrons following the magnetic lines are picked up
by the electrodes, and therefore a contact zone KZ between
the plasma and an electrode 1s produced, whereas at pole
points which likewise lie between two successive electrodes
in the longitudinal direction, an 1solation zone IZ with a high
potential gradient 1s produced 1n the plasma.

In another embodiment, the opposite outer magnet ring,
and mner magnet ring of the magnet system or of a magnet
subsystem can also be provided with an opposite pole
alignment, so that in a longitudinal section through the
arrangement, corresponding to FIG. 1, the result for each
stage 1s a magnetic quadrupole field. The currents 1A, I1
lying 1n a plane at right angles to the longitudinal direction
are then oriented in the same direction. The other measures
outlined according to the invention can be used 1n a corre-
sponding way 1n such an arrangement.

The features specified above and 1n the claims can advan-
tageously be implemented both individually and in various
combinations. The mvention 1s not restricted to the exem-
plary embodiments described, but can be modified 1n vari-
ous ways within the scope of specialist knowledge. In
particular, strict symmetry about the axis of symmetry SA 1s
not absolutely necessary. Instead, specific asymmetry may
be superimposed on the symmetrical course. The annular
form of fields, electrodes or magnet arrangements does not
necessarily signify a circularly cylindrical form, but can also
deviate from one such form both with regard to the rotational
symmetry and to the cylindrical course 1n the longitudinal
direction.

What 1s claimed 1s:

1. A plasma accelerator arrangement comprising:

a) a plasma chamber that 1s ring shaped and extends along
a longitudinal axis, in which a working gas 1s supplied
that 1s 1onized to produce a plasma;

b) an electrode arrangement comprising a plurality of

™

clectrode for producing an electronic potential differ-
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ence as an electrostatic acceleration field 1n said plasma
chamber for accelerating positively charged 1ons over
an acceleration section extending parallel to said lon-
oitudinal axis;

c) an electron beam emitter for introducing a focused
clectron beam which 1s 1n the form of a hollow cylin-
drical beam; and

d) a magnet system for creating a magnetic field com-
prising a radially inner magnet arrangement comprising
a plurality of magnets and a radially outer magnet.
Arrangement comprising a plurality of magnets for
ouiding said focused electron beam inside said plasma
chamber wherein said plurality of magnets of both said
radially inner magnet arrangement and said radially
outer magnet arrangement each have two opposite
poles wherein said plurality of magnets are arranged so
that extending along the longitudinal axis, like poles
are positioned adjacent to each other.

2. The accelerator as in claim 1, wherein said magnet
system has a toroidal structure.

3. The accelerator as 1n claim 1, wherein said electrode
arrangement comprises at least one intermediate electrode
arrangement having a first part electrode arranged on an
outer chamber wall, and a second part electrode located
opposite on said mner chamber wall, wherein said first part
clectrode 1s positioned at an intermediate potential of said
potential difference.

4. The accelerator as 1n claim 1, wherein said magnetic
system comprises a plurality of successive magnetic
arrangements spaced apart from one another and extending,
parallel to said longitudinal axis.

5. The accelerator as 1in claim 4, wherein said at least one
intermediate electrode at least partly covers a pole gap
between successive poles of said successive magnetic
arrangements.
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